SUMMARY One hundred and eighty-seven patients who had surgical closure of a ventricular septal defect between 1958 and 1975 were followed for up to 21 years. There were 17 rate sudden deaths of .which eight occurred in completely fit patients while nine were already under medical care. In an attempt to elucidate possible risk factors the preoperative and serial postoperative electrocardiograms of all patients were studied. Fifty-one unselected healthy follow-up patients agreed to 24 hour ambulatory monitoring. Progressive exercise testing (Bruce protocol) was carried out on 31 of them and an additional seven patients. There was a significant correlation between recorded ventricular arrhythmias and conduction defects, particularly progressive conduction defects. Transient complete heart block carried a bad prognosis and grade 3-4b ventricular arrhythmias were a major risk factor and recorded in 10 of the 17 patients who died. Long-term postoperative electrocardiographic follow-up is recommended and 24 hour ambulatory monitoring and exercise testing complement the findings of the resting electrocardiogram. The long-term treatment of survivors found to have ventricular arrhythmias must be considered.
With an incidence of about two in 1000 live births, ventricular septal defect is one of commonest congenital abnormalities affecting the heart. Reports have been published on the long-term follow-up of surgical closure of the defect. [1] [2] [3] [4] Much attention has been paid to specific aspects, especially conduction disturbances5-" I and pulmonary vascular diseases'2-16 after surgery. Very little has been written about late death, and to our knowledge no paper in the English journals deals with ventricular arrhythmia and its relation to late death.
We report a series of 187 patients who were successfully operated on by W P Cleland and H H Bentall between 1958 and 1975 at the Hammersmith Hospital and who have been followed for one to 21 Accepted for publication 9 September 1981 were reviewed. Age at operation, year of operation, sex, anatomical site and size of the defect, mode of closure, haemodynamic data, postoperative heart failure, and infective endocarditis were noted and tabulated. The clinical status of survivors was determined either by direct contact with each patient or by questionnaires sent to the patients or their attending physicians. Standard 12 lead electrocardiograms recorded preoperatively, postoperatively (period in hospital after surgery), and during the follow-up period were analysed and compared for the presence of arrhythmias, conduction disturbances, and mean frontal plane QRS. axis. Left axis deviation was diagnosed when the mean frontal plane QRS axis was beyond -30°. Right bundle-branch block was considered present when the QRS interval in the right precordial leads exceeded 120 ms with a definite terminal delay. Ventricular ectopic activity found on routine electrocardiograms was graded as outlined in Table 1 .
Twenty-four hour outpatient ambulatory electrocardiographic monitoring was performed on 51 unselected patients with the Oxford Medilog cassette recording system. Recordings were analysed using a Reynolds High Speed Pathfinder analyser. Ventricular arrhythmias were graded as outlined in Table 1 using a modification of the Lown criteria.'7 Subjec-Blake, Chung, Wesly, Hallidie-Snmth tive maximal exercise testing was done on 38 unselected patients, 31 of whom also had 24 hour ambulatory electrocardiographic monitoring.
The exercise tests were performed in accordance with the Bruce protocol' on a motorised treadmill. The electrocardiogram, using Frank orthogonal leads (XYZ), was displayed on an oscilloscope and visually observed for rate and rhythm for at least 10 minutes before the exercise procedure. All arrhythmias seen during this period were recorded. During, and for five minutes after exercise, a standard electrocardiographic strip chart recorder continuously recorded these three leads. Indirect blood pressure determinations were done before and immediately after exercise. In the absence of disabling fatigue, dyspnoea, angina pectoris, or major ventricular arrhythmia (sustained ventricular tachycardia or ventricular fibrillation), the patients were encouraged to continue for as long as possible. Grading of ventricular arrhythmias was performed using the criteria of Antman et al. 19 as outlined in Table 1 .
Statistical analyses were done using the x2 test.
Results
Of the 187 patients reported here, 102 were male and 85 female. There were 147 children whose ages ranged from 2 to 16 years. The mean age at operation was 12*6 years, range two to 44 years. The mean follow-up period was 11 years, with a range of one to 21 years. There were 17 late deaths one to 21 years after operation.
The defect was considered "large" in 167 patients and "small" (<1 cm) in 20 patients. The from 20 to 60 mmHg across the right ventricular outflow tract, had resection of infindibular muscle. Three patients had atrial septal defects closed and eight had a persistent ductus arteriosus ligated. Nineteen patients had associated aortic regurgitation. The defects in the latter patients were membranous in nine, infundibular in nine, and a left ventricular to right atrial shunt in one.
Three of them had a sinus of Valsalva fistula to the right ventricle and three had small perforations of one of the aortic cusps. All of these were closed during surgery. Thirteen patients had a right or noncoronary cusp prolapsing through the ventricular septal defect, requiring valvuloplasty in all.
The aortic regurgitation was considered mild in 10 patients, moderate in five, and severe in four. Fifteen of these patients still had aortic regurgitation after surgery. Additionally, eight patients who did not have aortic regurgitation preoperatively, developed it postoperatively, making the total with postoperative aortic regurgitation 23 Four patients had myocardial infarctions. Two of them had residual aortic regurgitation and one residual ventricular septal defect, all three requiring reoperation. In one the infarction followed the original operation and in two it followed reoperation. The remaining patient had pulmonary hypertension with no residual lesions and had a myocardial infarction 19 years after operation at the age of 26. All four died.
HEART FAILURE Nineteen patients were treated for left heart failure during the follow-up period. One of them had progressive pulmonary hypertension and myocardial infarction, one was dignosed as peripartum cardiomyopathy, one had progressive pulmonary hypertension only, and the remaining 16 all had residual ventricular septal defect and/or aortic regurgitation complicated by a myocardial infarction in one and infective endocarditis in seven. Eight of the patients who had heart failure and four who had infective endocarditis during the follow-up period died.
HAEMODYNAMICS
One hundred and three patients had preoperative systolic pulmonary artery pressures above 40 mmHg. Table 2 summarises the systolic pulmonary artery pressure:systemic artery pressure ratio, and Table 3 the pulmonary arteriolar resistance in these patients.
There were 12 late deaths in this group (cases 1, 5, 6, 7, 8, 9, 11, 12, 13, 14, 16, 17, Table 4 ) but only three of them (cases 1, 7, 9) had progressive pulmonary vascular disease and their deaths were largely the result of this, though one also had complete heart block (case 9) and one had a myocardial infarction and serious ventricular arrhythmias (case 7).
Patients with raised pulmonary artery pressure and resistance did not have a significantly increased incidence of conduction disturbances or 'ventricular arrhythmias. The functional status of patients with pulmonary vascular disease has been previously reported. 12 13 CONDUCTION PATTERNS Conduction disturbances were common after closure of a ventricular septal defect. In all our patients the defect was closed via a ventriculotomy so that comparison with other surgical techniques was not possible. Fig. 1 summarises the various conduction patterns found preoperatively, postoperatively, and on the last available electrocardiogram during the follow-up period. The figures in brackets are the numbers of late deaths.
Preoperatively there were 10 patients with left axis deviation and 12 with right bundle-branch block. Two of these had left axis deviation plus right bundle-branch block and one had right bundlebranch block, left axis deviation, and first degree atrioventricular block.
Postoperatively there was a total of 105 (56%) patients with right bundle-branch block and 26 (14%) with left axis deviation alone or in combination. Subsequently, a further 14 developed right bundlebranch block and 16 left axis deviation. This is partly accounted for by 14 of the patients who had transient second degree atrioventricular block or complete heart block postoperatively. Three of these were left with left axis deviation, right bundle-branch block, and first degree atrioventricular block, four with left axis deviation plus right bundle-branch block, three with first degree atrioventricular block and right bundle-branch block, and four with right bundlebranch block alone. There remains a group of nine patients who developed left axis deviation one to 10 years postoperatively, having previously had normal 
>0
Z0>o Table 4 ) These patients had a mean age of 25*4 years at operation (range five to 41 years).
Three had progressive pulmonary vascular disease and falling cardiac output (cases 1, 9, and 7) complicated in case 9 by residual ventricular septal defect and complete heart block and in case 7 by grade 4b ventricular arrhythmia, left axis deviation and right bundle-branch block, and a myocardial infarction. They died respectively 15, 16, and 21 years after operation.
Four patients (cases 3, 4, 5, and 6) had postoperative aortic regurgitation, one had aortic regurgitation and residual ventricular septal defect (patient 2), and two had residual ventricular septal defect (patients 8 and 9). In five of these the residual lesions required reoperation (cases 2, 3, 4, 5, and 8). Three of these patients (cases 4, 5, and 8) also had myocardial infarctions. Case 5 had an extensive anterior infarction after the original operation. He had repeated attacks of angina pectoris after discharge, increasing aortic regurgitation and left heart failure necessitating aortic valve replacement three years later. After this operation he had repeated classical Adams-Stokes attacks and died during one of them six months later. Cases 4 and 8 had myocardial infarction after reoperation for aortic valve replacement (case 4) and closure of residual ventricular septal defect (case 8). Both died in hospital within one month of operation. Four of the late deaths with residual lesions were also treated for infective endocarditis (cases 3, 4, 5, and 6) during the follow-up period.
SUDDEN UNEXPECTED DEATHS
The patients in this group had a mean age of 13-7 at operation. Only one (case 17) had signs of mild heart failure during the last four years of follow-up. After operation he had atrial fibrillation and right bundlebranch block. He gradually developed left axis deviation over the following six years. He also had grade 3 ventricular arrhythmia and died suddenly at home nine years after operation. He Abbreviation: PCD, progressive conduction defect. Other abbreviations as in Fig. 1 . Abbreviations as in Fig. 1 . higher. Fifteen of the patients with ventricular arrhythmia had conduction disturbances as well.
Twenty-two patients had no ventricular arrhythmias on exercise. Nine of them had normal conduction and 13 had conduction disturbances.
Discussion
Conduction disturbances after surgical closure of ventricular septal defect has been recognised as the most common complication of this operation.5681011 Right bundle-branch block has been reported to occur in 31 to 700/o of cases repaired via a ventriculotomy,5692021 and left axis deviation in six to 47%6 9 1022 of cases. Sixty-three per cent of our patients had right bundle-branch block and 22*4% had left axis deviation on their last available electrocardiogram. If we omit the 10 patients who already had left axis deviation preoperatively, 17 1% acquired left axis deviation as a result of operation. We had 9 patients who developed left axis deviation one to 10 years after operation. Five (55 *6%) of these patients with progressive conduction defect died, compared with the four late deaths (15*3%) in the group of 26 patients who already had left axis deviation postoperatively. To our knowledge this has not been reported previously. Quattlebaum et al.22 state that 56% of their patients who had right bundle-branch block and left axis deviation developed the left axis deviation one to seven years after correction of tetralogy of Fallot, but they do not correlate this with sudden late death.
Concern about the possible late development of complete heart block in patients with left axis deviation and right bundle-branch block has been expressed. Our study lends some support to this view. Three of our patients developed late complete heart block. Two of them had transient complete heart block postoperatively and were left with left axis deviation and right bundle-branch block. The remaining patient had normal conduction and developed complete heart block 15 years after operation. Complete heart block is relatively common after operation268922 but is usually a transient phenomenon.2 8 22 A high mortality rate of up to 57% has been reported for patients with permanent complete heart block.2 Fourteen of our patients had transient complete heart block postoperatively, with three deaths (21%). Five patients had postoperative complete heart block that persisted, two (40%) of whom died. There were 20 patients, including the patient who developed complete heart block for the first time 15 years after operation, who had complete heart block at some stage, with five late deaths (25%).
In the light of our findings, late sudden death in patients with transient or permanent complete heart block after surgical repair of ventricular septal defect should not be unexpected. Implantation of permanent pacemaker should be considered in all cases.
Much has been written about the cause of the various conduction defects of surgical closure of ventricular septal defect5 6 There was also a striking correlation between conduction defects and ventricular arrhythmias (p<0.003). Of the 52 patients with normal conduction during the follow-up period, four (7.7%) had ventricular arrhythmias of all grades, while 26% of the 135 patients who had any form of conduction disturbance had ventricular arrhythmias detected on their routine electrocardiograms. Of the patients with progressive conduction defects, 66% had ventricular arrhythmias.
On continuous 24 hour monitoring not one of the 14 patients with normal conduction had any ventricular arrhythmias, while 53% of the patients with conduction defects had ventricular arrhythmias during the 24 hour period of monitoring. This is statistically significant (p<0-001). The overall incidence of ventricular arrhythmias detected on continuous 24 hour monitoring was 37-3%. Deanfield et al.,31 reporting a similar study on postoperative tetralogy of Fallot, found that 80% of patients with progressive conduction defects had ventricular arrhythmias. We could only monitor three patients with progressive conduction defects, and it is of interest that they all had ventricular arrhythmias and that one of these has since died, but the numbers involved are too small to make any firm conclusions.
On exercise testing only one of 10 patients (10%) with normal conduction had ventricular arrhythmias, while 15 of the 28 patients (53.6%) with conduction defects had ventricular arrhythmias (p<0 02). In all, 39-5% of patients had ventricular arrhythmias on exercise. The incidence of ventricular arrhythmias found in our patients with continuous 24 hour monitoring and exercise testing is considerably greater than that found in similar studies of comparable subjects without heart disease.32 This significant association of ventricular arrhythmias with conduction disturbances, particularly with progressive conduction defects, suggests that the same mechanism is responsible for both. Deanfield et al. 3 ' speculated that this may be the result of granulomata induced by suturing. Wolff et al. 24 suggested that the development of complete heart block with bradycardia makes the heart more vulnerable to ventricular arrhythmias. Our study does not support this, as none of our patients who had ventricular arrhythmias detected by any of the three methods used had complete heart block at the time that their ventricular arrhythmias occurred, though this may have been the terminal factor in some of our patients who died late.
In the individual patient, there was not a good correlation of the grade of ventricular ectopic activity detected by the three methods we used. All three methods adjunctively disclosed more ventricular ectopy than any method alone.
Although the prognostic value of ventricular arrhythmias detected with continuous 24 hour electrocardiographic monitoring and exercise testing remains to be determined, two of the patients with grade 4a ventricular arrhythmia on continuous 24 hour monitoring have since died, one of them unexpectedly. These two patients did not have an exercise test, but both had grade 4a ventricular arrhythmia on their routine electrocardiograms.
The association of ventricular septal defect and aortic regurgitation is well recognised, with a reported incidence of 3 to 7%. 3 
Conclusions
There is a significant incidence of unexpected sudden death up to 21 years after surgical closure of ventricular septal defect and a high percentage of patients develop conduction disturbances after operation. Especially important are those who develop left axis deviation during the follow-up period, as they have a high mortality rate. Complete heart block during the follow-up period has a grave prognosis. Ventricular arrhythmias are common during the follow-up period. they occur significantly more frequently in patients with conduction disturbances, and grades 3 to 4b particularly are reliable predictors of late death. The death in two patients as a result of ventricular fibrillation during anaesthesia for minor surgery suggests that anaesthesia after repair of ventricular septal defect should be given only in centres where full and immediate resuscitative facilities are available. The prognostic value of exercise testing and 24 hour ambulatory electrocardiographic monitoring has not been established after closure of ventricular septal defect, but, in view of the importance of ventricular arrhythmias, we strongly advocate that these tests should be done serially on all patients.
It remains to be proved that treatment of ventricular arrhythmias will prevent sudden death, but the evidence suggests that preventative treatment should be arranged, especially in those patients who have been shown to be particularly vulnerable to these arrhythmias. 
